Purpose Jalili syndrome is an autosomal recessive disorder characterized by simultaneous appearance of cone-rod dystrophy (CRD) and amelogenesis imperfecta (AI). Mutations in CNNM4 gene have been identified as the underlying cause of the syndrome. In this study, we investigated a large affected family to identify the causative mutation. Patients and Methods A seven-generation family with 24 members affected with Jalili syndrome were enrolled in the study. Comprehensive ophthalmologic and dental examinations were performed on them. The entire coding region of CNNM4 gene was sequenced for detection of potential mutations. Results Ocular examinations showed nystagmus and photophobia along with early onset visual impairment. Fundoscopic exams revealed a spectrum of macular dystrophies in different family members, from macular coloboma and advanced form of beaten bronze macular dystrophy (bull's eye) to milder form of macular thinning along with a range of pigmentary changes and vascular attenuation in the posterior pole and periphery. Scotopic and photopic electroretinographic responses (ERGs) were extinguished or significantly depressed. Mutation analysis revealed a novel mutation (c.1091delG) in homozygous form in the patients and as a heterozygous form in the normal carrier subjects. Conclusion We identified a novel homozygous deleterious mutation in CNNM4 gene which causes Jalili syndrome.
Introduction
In 1988, a rare autosomal recessive oculo-dental syndrome of combined cone-rod dystrophy (CRD) and amelogenesis imperfect (AI), named Jalili syndrome (OMIM 217080), was described in three large families from the Gaza Strip. 1 The first and most prevalent clinical feature of Jalili syndrome observed in most cases is ocular. 2 CRD is a clinically and genetically heterogeneous retinal disorder that usually manifests in childhood. CRD initially begins with a progressive and degenerative process, which affects the cone photoreceptors. Degeneration of the rod photoreceptors typically occurs sequentially or may occur simultaneously with cone degeneration. 3 This group of disorders is distinguished from rod-cone dystrophy, in which rod photoreceptors are affected earlier than cones. The term retinitis pigmentosa is now applied for the latter disorder. 4 The main clinical feature of CRD is cone photoreceptor dysfunction including a progressive loss of vision, photo-aversion (photophobia), achromatopsia, nystagmus, and visual impairment followed by night blindness reflecting rod photoreceptor involvement. 3, 4 Patients with CRD suffer from progressive loss of central vision that eventually ends in loss of peripheral visual fields and total blindness.
CRD occurs in both non-syndromic and syndromic forms. Thus far, several mutations in various genes have been identified which are involved in non-syndromic CRD. These genes encode a wide range of proteins, including the visual cycle components, structural components of photoreceptors, photoreceptor specific transcription factors, and the proteins involved in the neuronal development. 5, 6 Syndromic CRD has been increasingly reported such as Bardet-Biedl, Rogers syndrome, or spinocerebellar ataxia type. 7, 8 Amelogenesis imperfecta (AI) is another heterogeneous group of dental development disorders. AI is characterized by atypical structure and clinical appearance of the tooth enamel, which is seen in both primary and secondary dentitions and eventually ends in loss of teeth. 9 Similar to CRD, AI can be inherited in isolation or as a part of a syndrome. Several mutations were found in multiple loci in AI patients, therefore, all of these genes are involved in the process of highly mineralized dental enamel formation. 10 AI is also reported as a part of some other syndromes such as enamel renal syndrome, Kohlschutter-Tonz syndrome, and trichodento-osseous syndrome. 6 Jalili syndrome is a disorder with wide phenotypic variability within and between the affected families. [11] [12] [13] Comprehensive investigations in affected patients have revealed the putative gene at 2q11 locus. After sequencing, mutations were identified in the cyclin M4 (CNNM4) gene, thus this gene was introduced as the underlying cause of the disorder. 7 The protein encoded by CNNM4 is a member of the ancient conserved domain protein family and is possibly involved in the metal ion transport, particularly magnesium, which is necessary for accurate function of the photoreceptors, and homeostasis in the retina. 14, 15 CNNM4 expression has been demonstrated in the enamel and dentin-forming cells, suggesting that disturbance of the Mg 2+ transport leads to mineral deficiency observed in dental enamel of AI patients. 5, 7 Various kinds of mutations including missense, nonsense, deletion, and single base duplication have been identified in CNNM4 in Jalili syndrome. These mutations often take place within the conserved domains of the protein and results in loss-of-function. 16 In this study, we ascertained a large consanguineous pedigree with Jalili syndrome and described the detailed ocular and dental phenotype. Moreover, we screened CNNM4 in the patients in order to detect possible causative mutations.
Subjects and methods

Patients and clinical investigations
A large consanguineous Iranian family with 24 members with diagnosis of Jalili syndrome from Chalandar village with a population of 1380 people in Mazandaran province, Iran, was included in our study (Figure 1 ). Considering that all families in the pedigree were inhabitants of the remote rural areas, most of them were out of access for detailed clinical investigations, thus only we could have accessed four affected members (V8, V9, V20, and IV22) for detailed clinical investigations. These patients were belonged to four different sibships and were 25 years old male (V8), 32 years old female (V9), 27 years old male (V20), and 39 years old female (IV22). Selected patients were referred to ophthalmologist and dentist for comprehensive clinical examinations. Before starting the clinical and genetic testing, informed consent was obtained from all the participants. This study was approved by the local ethics committee at Shahid Beheshti University of Medical Sciences.
Ocular examinations
Complete ocular examinations were performed by two academic experienced ophthalmologists. First uncorrected visual acuity was performed using the standard 20 feet Snellen acuity chart. Then external eye exams including eye movements and reverse afferent Figure 1 The pedigree of studied Jalili syndrome family. The siblings in each family are in sequence of birth ranks. pupillary defect test were done. Best corrected visual acuity tests were obtained after manifesting refraction without eye drop. Cyclo-refraction was done after 20 min of instilling one drop of tropicamide 1% (Sina Daru, Tehran, Iran), three times for every 5 min, using manual retinoscope. Intraocular pressure was measured by Goldmann applanation tonometry test after applying one drop of ophthalmic drop tetracaine hydrochloride 0.5% (Sina Daru, Iran). Complete slit-lamp bio-microscopy examinations including cornea, anterior chamber clarity and angle, iris, pupil, lens and anterior vitreous exams were performed. Also complete macular and fundus exam including disc color, margin, cupping and vessels were performed using +90 lens and slit-lamp bio-microscopy. Then peripheral retinal exam was done using indirect ophthalmoscopy and +20 lens. Ocular coherence tomography, infra-red fundus photography, blue-light fundus auto-fluorescent and fluorescent angiography was done through Spectralis, multimodality diagnostic imaging (Heidelberg, Germany).
Electrodiagnostic tests
Color vision test was performed using standard Ishsihara plates. 
Mutation analysis
DNA samples of a core family including IV.28, IV.29, V.18, V.19, V.20, and V.21 were first extracted from peripheral blood using a standard procedure. 17 PCR procedure performed for all seven exons and boundary regions of CNNM4 gene. After purification of all PCR products, sequencing was performed in both the forward and reverse directions for all exons with Applied Biosystems BigDye terminator v3.1 sequencing chemistry as per the manufacturer's instructions on a genetic analyzer (ABI3130, Applied Biosystems, Foster City, CA, USA) and then the results were analyzed using Sequencher 5.0 software (Gene Codes Corporation, Ann Arbor, MI, USA). Considering that blood samples were available for all affected members, we also sequenced the DNA of other affected pedigree members from different sibships for the region of discovered mutation to confirm the causative mutation.
Results
Clinical manifestations
Ocular Two of patients (IV.22 and V.20) presented with severe visual impairments along with photophobia and nystagmus since birth. V.9 had photophobia and nystagmus from early infancy with progressive visual impairment detected as moderate visual loss in early childhood progressed to severe visual loss in late adolescence. Best corrected visual acuity (BCVA) of V9 was counting finger at the time of our clinical exam. V.8 showed the mildest phenotype of this affected family. He had photophobia, latent nystagmus, and mild visual impairment since early childhood and underwent strabismus surgery at the age 11 years old.
Refractive errors in these four patients ranged from mild to moderate hyperopia and astigmatism ( Table 1) . BCVA of each patient is also presented in Table 1 . Their vision was compromized under outdoor illumination and partially improved under indoor conditions. Generally, they did not complain of night blindness, except V.8, who reported reduced vision under very low illuminations.
The eye movement abnormality in IV.22 and V.20 was almost the same as wandering eyes. In V.9 nystagmus was in the form of fine pendular that aggravated in the daylight outdoor illumination. V.8 nystagmus was of latent pendular type, which manifested under daylight outdoor illumination.
Anterior segment examinations showed clear cornea, deep, formed and clear anterior chamber, with round and mobile pupil. Mild posterior sub-capsular opacity was seen in V8. Anterior polar opacity and blue-dot cataract was noted in IV.22 and V20, but V.9 had clear lens.
Fundus examinations using slit-lamp biomicroscopy and +90 lens, revealed an area of no neuro-retina and no retinal pigmented epithelium of about three disc areas diameter in the macula with large choroidal vessels passing beneath it, referring as macular coloboma, symmetrically in both the eyes of V.20 and IV.22 patients (Figure 2c ). The size of coloboma was larger in V.20, which involved almost the entire macula. Advanced macular atrophy with Bull's eye appearance was noticed in V.9 (Figure 2a) . Optical coherence tomography (OCT) was not possible to achieve in any of the above mentioned patients except V.8, which showed mild diffuse macular thinning and reduced total macular volume. Pigment clumps were seen around the macular coloboma in V.20 and IV.22, in addition to diffusely scattered pigments in the retinal mid-periphery and along the retinal vessels (Figure 2c ). Fine pigment clumping was scattered in the retinal mid and far periphery and around the retinal vessels in V.8 and V.9 eyes. In addition, whitish deep dots were seen through the entire posterior pole and in the retinal mid and far periphery in V.9 fundus examination Table 1 The complete ocular examinations of four Jalili syndrome patients A novel mutation in Jalili syndrome S Rahimi-Aliabadi et al (Figure 2a ). The area with loss of fundus auto-fluorescent (FAF) imaging in V.9 was compatible with the area of macular retinal pigment epithelial (RPE) atrophy and loss of macular lipofuscin granules (Figure 2b ). Lack of any detectable auto-fluorescence in FAF image of IV.22 patient was also compatible with large area of macular coloboma and diffuse RPE atrophy around the macula and along the entire posterior pole (Figure 2d) . It was not possible to take color fundus photograph and FAF from V.20 patient because of lack of any fixation, severe nystagmus, and photophobia. Different severities of disc pallor was observed in patients as the waxy pallor discs in IV.22 and V20, moderate disc pallor and optic atrophy in V9 and mild optic atrophy in V8. Attenuation of retinal vessels were observed in all these four patients, which was more pronounced in the eldest person, IV.22 ( Figure 2a, c and e) . OCT in V.8, showed diffuse macular atrophy with preserved foveal contour in both the eyes.
Electrodiagnostic test results
Color blindness was detected in all the four patients. Full field scotopic rod flash ERG responses to low-intensity blue light in dark adapted state were flat in all patients. Amplitudes of scotopic rod and cone maximal combined responses to high-intensity white light with dark background were nearly extinguished in IV.22, V.20 and V.9, and severely depressed in V.8 in comparison to normal control ( Figure 3) . Amplitudes of photopic cone responses to bright white light flash under light adapted conditions and 30 Hz flicker responses were severely reduced in V.8, but were extinguished in V.9, V.20, and IV. 22 .
EOG was undetectable in IV.22 and V.20 eyes. But subnormal Arden ratios were detected in V9 and V8.
Dental Four patients underwent a detailed dental examination. All examined patients were diagnosed with AI.
Mutation analysis DNA sequencing analysis for CNNM4 gene revealed a novel mutation in homozygote state in the affected individuals of the pedigree. The mutation was present in heterozygous state in the parents of all affected individuals. The mutation was a G nucleotide deletion (c.1091delG) in the first exon of the CNNM4 gene, resulting in a frameshift which eventually ends in a premature stop codon after six codons downstream the mutation position (p.G364Vfs*9) (Figure 4 ).
Discussion
Here, we described a large family with the autosomal recessive Jalili syndrome. The mode of inheritance was concluded from the high rate of consanguinity in the pedigree. In two out of our four investigated patients, the retinal dystrophy was of early neonatal onset with severe visual impairment. In one patient retinal dystrophy manifested as early infantile type but with severely progressive pattern. Although retinal dystrophy in one patient was of milder form which started from childhood and progressed with less severity as in the age 25 years old had at least Snellen chart vision. All four patients had nystagmus, photophobia, and optic atrophy from mild pattern to severe or waxy pallor disc. In the first reported family with 29 affected members across seven generations described by Jalili, night blindness was not observed and scotopic ERGs were only slightly reduced in the 12-years-old subject. 1 In another investigation performed by Michaelides et al 4 retinal findings showed similar results as Arabic report but two brothers in their family reported early onset night blindness, which their rod ERGs were profoundly abnormal. Accordingly, findings from our family revealed extinguished to severely depressed ERG responses in both scotopic rod and maximal combined rod and cone responses along with photopic and 30 Hz flicker cone responses, which denotes involvement of both cone and rod photoreceptors. One patient with less severe form of retinal dystrophy also reported night blindness.
AI divides in two hypoplastic and hypomineralized forms based on the histological and morphological alterations in enamel, but there may be overlap between these types. 9 In Arabian study, the type of AI was hypomineralized. 1 and it was hypoplastic/hypomineralized type in Kosovan family. 4 CNNM4 protein is belonged to the cyclin mediator (CNNM) family proteins, defined to be conserved Mg 2+ transporters. Mutations in the CNNM4 show clinical consequences, limited to retinal function and biomineralization of teeth, with CRD and AI phenotypic manifestations. 5 Deletion mutants of CNNM4, lacking the CBS (cystathionine-beta-synthase) domains, are unable to promote Mg 2+ efflux (16) .
Patient
Carrier c.1091delG
Normal Figure 4 The site of causative mutation in normal, carrier, and patients with Jalili syndrome.
The mutation found in our patients results in a premature stop codon that may undergo nonsense mediated decay, a conserved cellular surveillance pathway, which degrades mRNAs harboring premature stop codons, in order to prevent the production of a nonfunctional or even harmful products. 18 However, it is also likely that the mRNA translates to a short truncated protein.
The mutation we have identified occurred in the first exon of the gene, which can possibly result in a protein lacking of almost all critical domains including CSB domains. Thus, the ability of the protein to regulate the transport of Mg 2+ , encounters with failure. However, the functional consequences of the mutation are yet to be established in the subsequent researches. To the best of our knowledge, 15 different mutations have been detected in the CNNM4 gene around the world and different mutations show variable interfamilial and intrafamilial expression. 6, [19] [20] [21] [22] Types of mutations occurring in Jalili syndrome address a clinical heterogeneity and suggest loss of function as the underlying mechanism. 7 Here, we report variable expressions of cone-rod retinal dystrophy in terms of age of onset, severity in visual impairment and progression, in four patients of our family. Our study presented a comprehensive clinical picture of the rare autosomal recessive Jalili syndrome in a large consanguineous family and found a new homozygous deleterious mutation in patients, which existed in carriers in heterozygote form.
Summary
What was known before K Jalili syndrome is an autosomal recessive disorder, characterized by simultaneous appearance of cone-rod dystrophy (CRD) and amelogenesis imperfecta (AI). Mutations in CNNM4 gene have been identified as underlying cause of the syndrome. Fifteen different mutations have been detected in the CNNM4 gene result in Jalili syndrome.
What this study adds K Here, we report a novel mutation in CNNM4 gene, which cause Jalili syndrome in a large family. Detailed ophthalmological examinations are also reported for patients.
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